Probing the effect of point defects on the leakage blocking capability of Al 0.1 Ga 0.9 N/Si structures using a monoenergetic positron beam ) were grown on Si substrates by metalorganic vapor phase epitaxy. The major defect species in Al 0.1 Ga 0.9 N was determined to be a cation vacancy (or cation vacancies) coupled with nitrogen vacancies and/or with carbon atoms at nitrogen sites (C N s). The charge state of the vacancies was positive because of the electron transfer from the defects to C N -related acceptors. The defect charge state was changed from positive to neutral when the sample was illuminated with photon energy above 1.8 eV, and this energy range agreed with the yellow and blue luminescence. For the sample with high [C], the charge transition of the vacancies under illumination was found to be suppressed, which was attributed to the trapping of emitted electrons by C N -related acceptors. With increasing [C], the breakdown voltage under the reverse bias condition increased. This was explained by the trapping of the injected electrons by the positively charged vacancies and C N -related acceptors. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Gallium nitride (GaN) heterojunction transistors have been of great interest for high-voltage and high-frequency electronics.
1,2 The potential of GaN-based devices is mainly attributed to the superior physical properties of GaN, such as its wide bandgap, large breakdown electric field, and high saturation electron velocity. Most GaN-based devices have been fabricated using GaN layers grown on foreign substrates, such as sapphire and SiC, using metalorganic vapor phase epitaxy (MOVPE). Recent developments in the growth techniques used to obtain GaN layers on Si substrates have triggered a substantial upsurge in research activity and significant progress has therefore been made in this field. [3] [4] [5] [6] The primary motivation for the development of the GaN-onSi technology is its low production cost and the availability of large diameter substrates. In addition, further cost benefits are expected if the devices can be processed using tools in standard fabrication plants for Si-based devices.
During the fabrication of GaN-on-Si structures, the large difference between the thermal expansion coefficients of Si and GaN introduces tensile stress in the GaN layers, which might lead to layer cracking. To avoid crack formation, AlGaN buffer layers and/or AlN interlayers can be introduced between GaN and Si. There have been increasing requirements for a buffer layer with enhanced leakage current blocking capabilities. Thus, it is highly demanding to control the electrical resistance of the buffer layers to meet such requirements. An increase in the buffer thickness is a straightforward solution; however, wafer bowing becomes very severe when the buffer thickness exceeds a certain value, causing problems in the device fabrication process.
It is known that incorporating carbon (C) to the AlGaN and GaN layers effectively increases the resistance of these layers. [7] [8] [9] [10] [11] [12] According to the density functional theory, 13, 14 C in GaN is an amphoteric dopant, and C substituting N (C N ) acts as a deep acceptor. A high concentration of C (! 10 19 cm À3 ) is commonly required to obtain highly resistive GaN and AlGaN layers. This suggests that a high concentration of deep traps is generated in the C-doped GaN and AlGaN layers, which play an important role in the suppression of the leakage current. However, high C-doping is expected to simultaneously introduce point and structural defects in these layers and could be related to the formation of leakage paths in GaN and AlGaN layers. Because point defects in GaN and AlGaN also act as electron/hole trap centers, the study of their charge/discharge processes is of high importance in understanding the buffer related dispersion and current collapse issues in power transistors. 15 Despite tremendous research efforts, C-doping related point defect generation, buffer leakage mechanism, and buffer dispersion have by far not been well understood. Positron annihilation is a powerful technique to evaluate vacancy-type defects in semiconductors, 16, 17 and defects in group-III nitrides have been successfully investigated using this method. [18] [19] [20] [21] [22] [23] [24] In this study, we used a monoenergetic positron beam to probe native vacancies in Al 0.1 Ga 0.9 N layers grown on Si substrates. We showed that the obtained results provided additional insights to explain the change in the leakage blocking capability of these layers.
II. EXPERIMENTAL PROCEDURE
The stack investigated in this study consists of Al x Ga 1-x N (1.8 lm)/Al 0.44 Ga 0.56 N (500 nm)/Al 0.75 Ga 0.25 N (500 nm)/AlN (200 nm) (as depicted in the inset of Fig. 3) . The growth was carried out on 200 mm Si (111) substrates, using a Veeco TurboDisc MaxBright MOVPE system. 6, 25 Trimethylgallium, trimethylaluminum, and ammonia (NH 3 ) were used as precursors for Ga, Al, and N, respectively. The samples were characterized in-line using X-ray diffraction (XRD) with a QC3 system from Bruker (CuKa 1 radiation). The mole fractions of Al, x, in the Al x Ga 1Àx N layers were determined as 0.1 from the XRD omega-2theta spectra. The carbon concentration [C] in the Al 0.1 Ga 0.9 N layers was varied from 5 Â 10 17 cm À3 to 8 Â 10 19 cm À3 by changing the growth temperature from 1040 C to 950 C, where [C] was measured by secondary ion mass spectrometry from reference samples with the same growth conditions. For buffer leakage measurements, square (100 lm Â 100 lm) metal dots were deposited on the samples by Ti/Au metallization and lift-off. The leakage current was measured by sweeping the voltage bias supplied to the metal dots, with the silicon substrate grounded. Photoluminescence (PL) spectra were measured using a 325 nm He-Cd laser as an excitation source and a Perkin-Elmer Lambda 950 UV-visible-near infrared spectrophotometer. All measurements were carried out at room temperature.
Details of the positron annihilation technique are described elsewhere. 16, 17 In the present experiment, the Doppler broadening spectra of the annihilation radiation as a function of the incident positron energy E were measured using Ge detectors. The spectra were characterized by the S parameter, defined as the fraction of annihilation events over the energy range of 510.2-511.8 keV, and by the W parameter, defined as the fraction of annihilation events in the ranges of 504.2-507.6 keV and 514.4-517.8 keV. Doppler broadening spectra were also measured using a coincidence system. Measurements of the Doppler broadening spectrum were done in the dark and under illumination of a 325 nm He-Cd laser. The laser beam was defocused at the sample position, and the total area of the sample (size: 1 cm Â 1 cm) was illuminated with an irradiance of 10 mW/cm 2 . The relationship between the S value and the photon energy was measured using a spectrometer with a Xe lamp. The irradiance of the spectrometer depends on the photon energy (0.02-0.2 mW/cm 2 ), but no relationship between S and the irradiance was observed in the present experiment. The relationship between S and E was analyzed using VEPFIT (Variable Energy Positron FIT), a computer program developed by van Veen et al. 26 The application of the VEPFIT code to GaN is described elsewhere. 27 Doppler broadening spectra corresponding to the annihilation of positrons from the delocalized state in Al 0.125 Ga 0.875 N and C N in GaN were theoretically calculated using a computational code QMAS (Quantum MAterials Simulator), 28 which adopts the projector augmented-wave method 29 and the plane-wave basis. The exchange and correlation energy of electrons were described by the generalized gradient approximation. 30 We used the Boro nski-Nieminen enhancement factor and positron-electron correlation energy 31 with a small modification to deal with semiconductors. ), the initial leakage current at the bias voltage below 200 V was effectively suppressed and the slope of J is much lower for the sample with the highest [C] . An initial leakage increase followed by a suppression at a low reverse bias has been reported previously, and it was attributed to the space-charge-limited current (SCLC) conduction process. 35, 36 However, the initial leakage increase slope in our case was too high to be possibly explained by the SCLC model 37, 38 or other conduction mechanisms alone. An in-depth investigation on this observation is on-going and the results will be , respectively. A similar observation for the leakage current at a high electric field has been also made by other groups. 39, 40 As [C] increases, ln(J/E vf )ÀE 1=2 vf curves gradually became super-linear, suggesting a gradual deviation from a pure Poole-Frenkel conduction mechanism as increasing [C] . Figure 3 shows the S values of the Al 0.1 Ga 0.9 N layer with [C] ¼ 5 Â 10 17 cm À3 as a function of incident positron energy E. The mean implantation depth of positrons is shown on the upper horizontal axis. The S value increased with decreasing E (<3 keV), which corresponds to the diffusion of positrons towards the surface. The increase in the S value at E > 20 keV is mainly due to the annihilation of positrons in Si. The solid curves shown in Fig. 3 are fitting curves of the experimental data; here, a reasonable agreement between the experimental data and the fitting curves was obtained using the sample structure described in Section II. The diffusion length of positrons, L d , was obtained to be 5 6 1 nm for Al 0.1 Ga 0.9 N without illumination. The typical value of L d for defect-free (DF) undoped GaN is reported to be 60À90 nm. 27, 41, 42 The diffusion length of positrons decreases due to several factors, such as the trapping of positrons by vacancy-type defects and scattering from charged impurities. As discussed later, the S value for Al 0.1 Ga 0.9 N measured in the dark was close to that of the positron annihilation from the delocalized state of GaN, suggesting that the trapping fraction of positrons by vacancies is small. The observed short diffusion length is likely to be caused by the scattering/trapping of positrons by charged defects such as positively charged vacancies and C-related defects. We will elaborate this observation in the later part of this section.
As shown in Fig. 3 , the S values corresponding to the annihilation of positrons in Al 0.1 Ga 0.9 N were increased by illumination of He-Cd laser light. The transition of the charge state of vacancy-type defects (V) from positive to neutral (or neutral to negative),
, increases the trapping probability of positrons. 16 Thus, the observed increase in the S value can be attributed to the capture of electrons by vacancy-type defects and a resultant charge transition of the defects.
For Al 0.1 Ga 0.9 N with different [C], Doppler broadening spectra were measured using the coincidence system. In these measurements, the value of E was fixed at 10 keV (mean implantation depth of positrons is 200 nm). Figure 4 shows the SÀW plot for Al 0.1 Ga 0.9 N with and without illumination. The (S,W) value for GaN grown by hydride vapor phase epitaxy (HVPE) is also shown, where the value was measured at E ¼ 30 keV. The (S,W) value for HVPE-GaN represents the value for the positron annihilation from the delocalized state in GaN. 27 The (S,W) values for defect free (DF)-GaN, DF-Al 0.1 Ga 0.9 N, and typical defects in GaN simulated using the QMAS code are also shown. 27, 33, 43, 44 In this figure, a Ga vacancy V Ga (or (V Ga ) 2 ) coupled with nitrogen vacancies V N s, carbon, and oxygen at nitrogen sites is shown as , the S values measured under illumination are located on a straight line. This means that the probed defect species in those samples are the same. These (S,W) values are located on the right-hand side of the line that connects the values for DF-GaN and V Ga . Thus, the defect species in Al 0.1 Ga 0.9 N is unlikely to be pure V III or V III coupled with O N s, but to be vacancy agglomerates such as V III (V N ) n and (V III V N ) 2 , or complexes between V III -type defects and C N s. The dislocation density of the samples was estimated to be around or less than 1 Â 10 10 cm À2 according to the planar view transmission electron microscope inspection. The mean distance between dislocations, therefore, can be estimated to be an order of 100 nm. For the present samples, the diffusion length of positrons was obtained to be 5 nm. This short diffusion length suggests that the positrons mainly annihilate in the region where they reached the thermalized condition. Thus, the dislocation is not the major trapping site of positrons in the present samples.
The defect concentration in Al 0.1 Ga 0.9 N with [C] ¼ 5 Â 10 17 cm À3 was estimated as follows. According to the trapping model of positrons, 16 the observed S value, S obs , is given by 
, where l d and k f are the trapping rate of positrons and the annihilation rate of positrons from the free-state, respectively. Assuming that the major defect species is V Ga (V N ) 2 , we use the calculated S value of V Ga (V N ) 2 as S d . This S d value was normalized by the calculated S value for DF-GaN (S d /S f ¼ 1.108). The observed S value was normalized by using S for HVPE-GaN (1.031) 
. In this case, because C N does not take an electron from the valence band, it does not contribute an increase in the carrier concentration in Al 0.1 Ga 0.9 N. Figure 5 shows the S value for Al 0.1 Ga 0.9 N with [C] ¼ 5 Â 10 17 cm À3 as a function of the photon energy. During the measurements, E was fixed at 10 keV. The PL spectrum for this sample is also shown. The oscillation in the spectrum is caused by the reflection of the laser light at the front-and backside of the sample. The band gap energy of Al 0.1 Ga 0.9 N was calculated to be 3.6 eV using the bowing . During the measurement, the value of E was set to 10 keV. The PL spectrum obtained at room temperature is also shown.
parameter obtained for Al x Ga 1Àx N (0 x < 0.45). 45 Thus, the luminescence peak near 3.55 eV can be attributed to near band edge (NBE) emission. This luminescence band seems to be broadened on the low energy side (2.7-3.5 eV), which is anticipated to be caused by the blue luminescence (BL) band. It was reported that a broad BL band was observed in semi-insulating C-doped GaN, which was attributed to the C-related defects. [46] [47] [48] A broad yellow luminescence (YL) band with a maximum at 2.3 eV was also observed. The origin of the YL band has been a subject of debate for a long time. However, it was often attributed to defects such as C N or V Ga O N . 13, 46 In Fig. 5 , the S value increases at a photon energy of 1.8 eV. Above 2.7 eV, a further increase in S was observed, and it saturated at 3.2 eV. The maximum of the S value agreed with NBE. The observed behaviors of S correlated well with the YL and BL bands, suggesting that these emission processes involve the interaction between the vacancy-type defects and electrons excited by illumination. A similar increase of S above a photon energy of 2.7 eV has been reported for unintentionally C-doped GaN. 43, 44 Because the bandgap of Al 0.1 Ga 0.9 N is larger than that of GaN, the separation between the increases in S at BL band and NBE was clearly observed in the present experiment. The electron capturing by vacancy-type defects can be divided into direct and indirect processes. For example, the electron emitted from the valence band is trapped by the vacancy-type defects (direct process). For the indirect process, the electron is first excited to the energy levels that cause NBE, and then it was captured by the vacancies that have the energy levels lower than those of NBE. Fig. 7(b) , the fourth carbon atom (not shown) locates above the center of three other carbon atoms. The colors on the cross section of the positron density represent the variations of the positron density, where the density increases following the sequence of "green ! yellow ! red." The charge state of the system was assumed to be neutral. The positron density distribution for (C N ) 4 is not a complete threefold symmetric, which is due to an artifact caused by the orthorhombic supercell used in the simulation and does not influence the 4 . Green, gray, and brown circles correspond to Ga, N, and C, respectively. The positron density increases following the color scale as "green ! yellow ! red." conclusion. It can be seen that a positron tends to accumulate near C N , suggesting that C N is the shallow trapping center of positrons. The bond distance between C and Ga was almost identical to that between N and Ga (0.195 nm). Thus, the major reason of the positron density modulation is the charge re-distribution of atoms near C N . A further localization of positrons near C N occurred for (C N ) 4 . The (S,W) values for C N and (C N ) 4 were calculated, but they were almost identical to (S,W) for DF. Figure 8 shows the distributions of the positron density averaged in the ab-plane, and the difference, between the positron densities for C N -related defects and DF-GaN, Dq þ . Here, Dq þ equals the positron density for a particular defect minus that for the DF-GaN. The result for V Ga is also shown. The modulation of the positron density by C-related defects is an order of magnitude smaller than that by V Ga . However, when [C] is one or two orders higher than the concentration of vacancy-type defects, the C-related defects could play a dominant role over the vacancy-type defects in positron trapping.
Using hybrid functional calculation, Lyons et al. 13 suggested that the absorption corresponding to transition of C N 
As shown in Fig. 6(c) , the effect of illumination on S was suppressed with increasing [C], suggesting the suppression of the electron capture by the vacancy-type defects. Thus, the Crelated defects are considered to act as a scavenger of electrons emitted under illumination, and prevent the electron capture by the vacancies. Threading dislocations have been suggested to play a dominant role in the breakdown process of C-doped GaN. 8, 11, 49 The dislocations provide leakage current paths and electron transfer can occur via a trap-assisted tunneling processes. 50 According to Fig. 6(a) , there should be a higher number of dislocations in the samples with increasing [C], while simultaneously the buffer leakage mechanism gradually deviated from a pure Poole-Frankel model. This suggested that other leakage mechanisms, which we speculate to be associated with dislocations, play a more dominant role over the Poole-Frankel mechanism. According to the concept of a Cottrell atmosphere, 51 the concentrations of the positively charged vacancies and/or C-related acceptors tend to increase around dislocation cores. Those defects can act as traps for those electrically injected electrons in the similar way as for those photoelectrons and could suppress the hopping probability of electrons along dislocations. This, thereby, increases the leakage blocking capability of the carbon-doped buffer as observed in this study.
IV. CONCLUSION
We used the positron annihilation spectroscopy to study vacancy-type defects in Al 0.1 Ga 0.9 N layers grown on Si. The major vacancy species was determined to be a complex between V III (or V III s) coupled with V N s and/or with C N s. The charge state of the vacancies was determined to be positive in dark, and the trapping of emitted electrons by the defects changed their charge state from positive to neutral. The introduction of the positively charged vacancies was due to the electron transfer from the defects to C N -related acceptors. The energy range of illumination which causes the charge transition of the defects agreed with yellow and blue luminescence bands, suggesting that those emission processes involved the interaction between emitted electrons and the vacancy-type defects.
With increasing [C] in Al 0.1 Ga 0.9 N, the breakdown voltage under reverse bias increased. For the samples with high [C], the illumination effect on the defect charge was diminished, which was attributed to the electron capture by C Nrelated defects. Those results suggest that the positively charged defects and C N -related acceptors play an important role in the suppression of leakage currents of Al 0.1 Ga 0.9 N. We have shown that positron annihilation parameters are sensitive to native vacancy-type defects in AlGaN grown on Si, and that positron annihilation spectroscopy is a useful tool for understanding the electric characteristics of buffer layers used for GaN-based power devices. 
